Description 




EXPANDABLE GRAPHITE AND METHOD 



Technical Field 

|* 

This invention relates to intercalated graphite flake having excellent exfoliation 
C3 characteristics and to a process for preparing it. In particular, the preferred products of the 

15 invention have can be exfoliated at low temperature to good volume. 



pes 



Background of the Art 



PJ 

p Graphite is a crystalline form of carbon wherein the atoms are bonded in flat layers 

jj^j 20 (basal planes) with weaker bonds between the layers. This structure has enabled the 

Suet 

preparation of expandable graphite flake by both chemical and electrochemical intercalation 
techniques. Once prepared, by either process, the intercalated graphite flake can be 
expanded, i.e. 9 exfoliated, to greatly increase its volume by heating to a suitably elevated 
temperature. 

25 

Each of the basal planes is comprised of hexagonal arrays or networks of carbon 
atoms. These basal planes are substantially flat and are oriented or ordered substantially 
parallel to and equidistant from one another. These basal planes are linked or bonded 
together and groups thereof are arranged in crystallites. Highly-ordered graphite consists of 
30 crystallites of considerable size, with the crystallites being highly aligned or oriented with 
respect to one another and having well-ordered basal planes. 
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The graphite structure is typically described as having two axes — the "a" and "c" 
axes or directions. In this context, the "a" axis is in a direction parallel to basal planes and 
the V axis is in a direction perpendicular to the basal planes and the "a" axis. 

The parallel layers of carbon atoms (basal planes) are held together by van der Waals 
forces, which are relatively weak. Graphite can be oxidized chemically or electrochemically 
to appreciably open a space between the basal layers so that a number of different molecules 
(also known as intercalants) can be entrapped between the layers. The process of 
intercalation provides a graphite flake capable of marked expansion in the "c" direction to 
form an expanded or intumesced graphite structure in which the laminar character is 
substantially retained. 

At elevated temperature the intercalant decomposes and volatilizes to generate gases, 
causing the flakes of intercalated graphite to expand in an accordion-like fashion, increasing 
the dimension in the direction perpendicular to the crystalline planes of the graphite (in the 
c-direction). The result is the production of particles having a vermicular or worm-like 
structure. 

Intercalated graphite flake has many useful applications. A common application is to 
exfoliate the intercalated graphite flake into vermicular-like structures which are then 
compressed into sheets of flexible graphite for use in the manufacture of a flexible foil, e.g., 
as described in U. S. Patent No. 3,404,061. The sheets can be cut into desired shapes, or 
otherwise formed into gaskets, packing materials, fuel cell components, various mechanical 
and electrical component parts, or the like. 

Intercalated graphite flake can also be used in a variety of products that take 
advantage of the high expansion characteristic of intercalated graphite flake when exposed 
to high temperature. One such product is a fire-retardant for use in combination with 
polymer foams to form seat cushions and furniture upholstery in aircraft. Upon exposure to 



high temperature conditions caused by the combustion of the polymer foam or a nearby 
material, the heat will cause the particles of intercalated graphite to exfoliate and thereby 
reduce or prevent combustion of the polymer foam and may, of itself, smother a fire. Since it 
is important to suppress or retard a fire before it has begun to spread, it would be a 
substantial advantage for an intercalated graphite flake product to exhibit a very high degree 
of exfoliation upon exposure to relatively low temperatures and preferably stay ahead of a 
developing flame or combustion front. 

Preparation by the conventional chemical process entails oxidizing particles of 
graphite, such as natural graphite flake, with an intercalant, e.g., a solution of sulfuric and 
nitric acid, to form a compound of graphite and the intercalant. This process can be 
accomplished in a bath of suitable intercalant solution. The treated particles of graphite are 
separated from the bulk of the intercalant, rinsed and dried. The resulting product is referred 
to as intercalated graphite flake. Representative processing of this type is described in the 
above-noted U. S. Patent No. 3,404,061. 

Preparation by electrochemical means can comprise contacting graphite flake with an 
intercalant and passing a current through the intercalant between a cathode and the graphite 
flake as the anode. Unlike the chemical process described above, the need for a strong 
chemical oxidant is replaced by the use of the electric current under a suitable voltage. Thus, 
strong oxidants such as nitric acid, fuming nitric acid, permanganate, peroxides, among 
others, can be dispensed with. Typical of this type of processing are the procedures disclosed 
by U. S. Patent No. 4,350,576 to Watanabe, et al, U. S. Patent No. 5,503,717 to Kang, et 
ah, and U. S. Patent No. 5,698,088 to Kang, et al, the disclosures of which are incorporated 
herein by reference to illustrate cell construction and operation. 

The first of these, Watanabe, et al, employs a more dilute acid solution as the 
electrolyte/intercalant than permitted in the chemical process of U. S. Patent No. 3,404,061. 
Indeed, Watanabe, et al., find utility in solutions of only 30% sulfuric acid, but preferably 
employ 50% or more and eliminate the need for concentrated sulfuric acid or fuming nitric 



acid. However, the description does not address improving expansion, such as by reducing 
the intumescent temperature or improving the degree or rate of expansion. 

In the process of Kang, et al. 9 in U. S. Patent No. 5,503,717, the use of sulfuric acid is 
dispensed with and, because natural graphite flakes are electrochemically intercalated with 
zinc chloride in aqueous solution, the graphite intercalation compound (referred to as a GIC) 
can be exfoliated thermally without the evolution of SO2 or SO3. However, it is stated in U. S. 
Patent No. 5,698,088, that this preparation method is not ideal since the rapid heating of the 
GIC results in the release of chlorine in particular, which can be deleterious. Again here, the 
description does not address reducing the intumescent temperature or improving the degree or 
rate of expansion. And, the reduction of SO2 and SO3 is accompanied by added chloride. 

Finally, in U. S. Patent No. 5,698,088, Kang, et al. y eliminate the need for chemicals 
containing either sulfate or chloride and rely instead on formic acid as the sole intercalant. 
However, the process appears to take extended reaction times to achieve suitable exfoliation 
volumes. Indeed, in the examples given, an intercalation reaction time of one hour did not 
impart any expansion to the flake. As to expansion temperature, they state only that the 
product may be rapidly expanded. They note that when a graduated quartz glass beaker is 
heated to a temperature between 400°C and 800°C in a muffle furnace and 0.1 g of product 
is rapidly poured into the beaker and held for 10 seconds, the measured expansion volume, 
depending on the chosen reaction time and current density, falls between 150 mL/g and 300 
mL/g. 

There remains a need for an electrolytic intercalation process capable of efficiently preparing 
intercalated graphite flake having excellent exfoliation characteristics, in particular, to 
provide products that can be exfoliated at low temperature to good volume. 



Summary of the Invention 



It is an object of the invention to provide an improved electrolytic intercalation 
method capable of producing intercalated graphite flake having excellent expansion 
properties. 

It is another object of the invention to provide an improved electrolytic intercalation 
method that enables preparing expandable graphite flake exhibiting one or more improved 
exfoliation characteristics. 

It is a specific object of the invention to provide an improved electrolytic 
intercalation method that enables preparing expandable graphite flake exhibiting reduced 
exfoliation temperature. 

It is another specific object of the invention to provide an improved electrolytic 
intercalation method that enables preparing expandable graphite flake exhibiting increased 
expanded volume (also referred to as "worm volume"). 

It is an object of the preferred form of the invention to provide an improved 
electrolytic intercalation method that enables preparing expandable graphite flake exhibiting 
reduced exfoliation temperature and increased expanded volume (also referred to as "worm 
volume"). 

These and other objects are achieved by the invention which makes practical use of 
a discovery that when graphite is electrolytically intercalated in the presence of an expansion 
aid, the resulting intercalated flake will exhibit one or more areas of improvement with 
regard to expansion. The invention provides both new methods capable of achieving these 
objectives and to the novel products of these methods. 

The method entails contacting graphite flake with an organic expansion aid either 
before contact with an aqueous intercalant solution or by dissolving the expansion aid in the 
aqueous intercalant solution prior to subjecting graphite flake to an electrolytic oxidation 



treatment therein. The graphite flake is then subjected to electrolytic oxidation to provide 
intercalated graphite flake. Then, following intercalation, the intercalated graphite flake is. 
recovered from the bulk of the intercalant solution and is preferably washed and further 
treated with a suitable surfactant in order to reduce the exposed gallery acids on the 
5 subsequently dried flake. 
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Many preferred aspects of the invention are described below. 

Brief Description of the Drawings 

The invention will be better understood and its advantages will become more 
apparent when the following detailed description is read in light of the accompanying 



£3 drawings, wherein: 

O 

q The Figure is a schematic, cross-sectional view of an electrolytic cell useful in the 

Jj* 15 process of the invention. 

m 



Detailed Description of the Invention 

The invention provides an electrolytic intercalation process capable of efficiently 



ru 
a 

4« 20 preparing intercalated graphite flake having excellent exfoliation characteristics. The Figure 

0 

j.1 illustrates an exemplary electrolytic cell adapted to carry out the procedure of the invention. 

In particular, the invention as illustrated and explained herein can provide intercalated 
graphite flake products that can be exfoliated at low temperature to good volume. The 
invention enables the improved results by the addition of an organic expansion aid, either to 
25 the intercalation solution itself or, in some cases, to the graphite flake prior to intercalation. 



The method of the invention enables preparing expandable graphite flake exhibiting 
one or more improved exfoliation characteristics. Among these improvements can be 
reduced exfoliation temperature and increased expanded volume (also referred to as "worm 
30 volume"). The term "worm volume", with units of cubic centimeters per gram (cc/g), is 
defined herein to mean the volume per unit mass of graphite obtained after heating and is 
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commonly referred to as specific volume. The worm volume determination is made by 
placing the intercalated graphite flake in a 900°C nickel crucible placed over a Bunsen 
burner flame to cause exfoliation. The specific volumes of the worms were measured by 
transferring them to a graduated cylinder and normalizing the volume to the weight of the 
worms (cc/g). In essence, the invention makes practical use of a discovery that when 
graphite is electrolytically intercalated in the presence of an expansion aid, the resulting 
intercalated flake will exhibit one or more areas of improvement with regard to expansion. 
The invention will enable the preparation of flake having a worm volume of greater than 200 
cc/g and preferably 325 cc/g and higher. 

The invention will be used with good effect on graphite from a number of sources, 
but has particular advantage to those graphite materials from natural sources. Among these 
is graphite flake having a median particle length and width of 0.05 mm to 1 mm. Graphite 
flake is available from deposits located throughout the world, including Canada, Mexico, 
Madagascar, India, China, Korea, and Russia. 

The method of the invention entails contacting graphite flake with an organic 
expansion aid, either before intercalating with an aqueous intercalant solution or by 
dissolving the expansion aid in the aqueous intercalant solution prior to subjecting graphite 
flake to an electrolytic oxidation treatment therein. Whether contact is before or after, the 
graphite flake is subjected to an electrolytic oxidation treatment in an aqueous intercalant 
solution to provide intercalated graphite flake. Then, following intercalation, the intercalated 
graphite flake is preferably washed and further treated with a suitable surfactant prior to 
drying as taught in U. S. Patent No. 5,376,450. The surfactant is believed to relieve the stress 
on the edges of the intercalated graphite flake during drying, which prevents the wrinkling, 
distorting and reopening of the edges of the graphite layer planes and which in turn prevents 
the subsequent exposure of the gallery acids (the acids entrapped between the layers of the 
flake). 



The Figure illustrates a schematic, cross-sectional view of an electrolytic cell useful 
in the process of the invention. An electrolytic cell 10 is shown to include an outer container 
comprised of a Buchner funnel 12, a porous anode support 14 of a suitable material, such as 
lead or platinum, supporting graphite flake 16 as the anode. A spacer element 18, such as of 
Teflon® polymer fabric, can by positioned above the graphite flake 16 to separate it from 
the cathode 20, of a suitable material such as graphite. Both anode support 14 and cathode 
20 are porous to permit intercalant solution to saturate the graphite and to pass through the 
cell from top to bottom. The cell will be saturated with an aqueous intercalant solution 22 
which is provided by supply source 24. A power source 26 is provided to supply current to 
the cell at a desired voltage, each of which can be regulated in known manner. Electrical 
contact to the graphite flake can be achieved by the use of a suitable means such as anode 
support 14 and lead 30 from the power source. Similarly, a lead 28 is furnished to provide 
connection between the cathode 20 and the power source 26. It will be understood by those 
skilled in the art that the details of cell construction and operation can be adapted as required 
by the reactants and ambient conditions. The references cited above are hereby incorporated 
by reference with regard to their disclosures of cell construction and operation. 

The graphite flake is subjected to an electrolytic oxidation treatment, preferably at a 
current density of from about 0.02 to about 0.06 amps per square centimeter, e.g., about 0.04 
amps per square centimeter and at a cell voltage of from about 1 to about 6 volts, e.g., from 
about 4 to 5 volts. These values may reasonably vary with changes in cell configuration and 
makeup. 

In a preferred embodiment of the invention, the intercalant is a solution of sulfuric 
acid and the expansion aid described in more detail below. Because the process is 
electrolytic, there is no need for an oxidizing agent such as nitric acid, perchloric acid, 
chromic acid, potassium permanganate, peroxides, iodic or periodic acids, or the like. 
Although less preferred, the intercalant may contain metal halides such as ferric chloride, 
and ferric chloride mixed with sulfuric acid, or a halogen, such as bromine as a solution of 
bromine and sulfuric acid or bromine in an organic solvent. 



The expansion aid of the invention will be an organic material sufficiently soluble in 
the aqueous intercalant solution to achieve the objectives of the invention. More narrowly, 
organic materials of this type that contain carbon, hydrogen and oxygen, preferably 
5 exclusively, may be employed, e.g., carboxylic acids. A suitable carboxylic acid as the 
expansion aid can be selected from aromatic, aliphatic or cycloaliphatic, straight chain or 
branched chain, saturated and unsaturated monocarboxylic acids, dicarboxylic acids and 
polycarboxylic acids which have at least 1 carbon atom, and preferably up to about 10 
carbon atoms, which is soluble in the aqueous intercalant solution employed according to the 
10 invention in amounts effective to provide a measurable improvement of one or more aspects 
of exfoliation. Also, alkyl esters of these acids can be employed. Preferred products are 
characterized by an intumescent temperature of below about 200 °C. Suitable water-miscible 

Q organic solvents or surfactant complexes can be employed to improve solubility of an 

□ 

organic expansion aid in the intercalant solution. 

Si 

* 15 

H= 

31 Representative examples of saturated aliphatic carboxylic acids are acids such as 

Si' 

|*s, those of the formula H(CH2) n COOH wherein n is a number of from 0 to about 5, including 

p formic, acetic, propionic, butyric, pentanoic, hexanoic, and the like. In place of the 

4* carboxylic acids, the anhydrides or reactive carboxylic acid derivatives such as alkyl esters 

Q 

\1 20 can also be employed. Representative of alkyl esters are methyl formate and ethyl formate. 

Sulfuric acid, nitric acid and other known aqueous intercalants have the ability to decompose 
formic acid, ultimately to water and carbon dioxide. Because of this, formic acid and other 
sensitive expansion aids are advantageously contacted with the graphite flake prior to 
immersion of the flake in the aqueous intercalant. 

25 

Representative of dicarboxylic acids are aliphatic dicarboxylic acids having 2-12 
carbon atoms, in particular oxalic acid, fumaric acid, malonic acid, maleic acid, succinic 
acid, glutaric acid, adipic acid, 1,5-pentanedicarboxylic acid, 1,6-hexanedicarboxylic acid, 
1,10-decanedicarboxylic acid, cyclohexane-l,4-dicarboxylic acid and aromatic dicarboxylic 
30 acids such as phthalic acid or terephthalic acid. Representative of alkyl esters are dimethyl 
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oxylate and diethyl oxylate. Representative of cycloaliphatic acids is cyclohexane carboxylic 
acid and of aromatic carboxylic acids are benzoic acid, naphthoic acid, anthranilic acid, p- 
aminobenzoic acid, salicylic acid, o-, m- and p-tolyl acids, methoxy and ethoxybenzoic 
acids, acetoacetamidobenzoic acids and, acetamidobenzoic acids, phenylacetic acid and 
5 naphthoic acids. Representative of hydroxy aromatic acids are hydroxybenzoic acid, 3- 
hydroxy-1 -naphthoic acid, 3-hydroxy-2-naphthoic acid, 4-hydroxy-2-naphthoic acid, 5- 
hydroxy-1 -naphthoic acid, 5-hydroxy-2-naphthoic acid, 6-hydroxy-2-naphthoic acid and 7- 
hydroxy-2-naphthoic acid. Prominent among the polycarboxylic acids is citric acid. 



10 The intercalant solution will be aqueous and will preferably contain from about 30 to 

about 85% water, or more narrowly, from about 50 to about 75% water, by weight of the 

F « solution. In one preferred form, the aqueous intercalant solution comprises from about 10 to 

3 75% sum™ acid, the expansion aid comprises an amount effective to enhanee exfoiiation 

£ of from about 1 to 10% of a carboxylic acid soluble in said aqueous intercalant solution, and 

I a& 15 the intercalant solution contains from about 30 to about 85% water, all percentages based on 

'5 1 the weight of the solution. In the embodiment wherein the expansion aid is contacted with 

s 

f=& the graphite flake prior to immersing in the aqueous intercalant solution, the expansion aid 

PJ 

p can be admixed with the graphite by suitable means, such as a V-blender, typically in an 

jj" amount of from about 0.2% to about 10% by weight of the graphite flake. 

\a 20 

The following Examples are provided to further illustrate and explain a preferred 
form of the invention and are not to be taken as limiting in any regard. Unless otherwise 
indicated, all parts and percentages are by weight. 



25 



Example 1 



An electrochemical cell is prepared by placing 25 grams of natural graphite flake 
having a 50 mesh particle size on a 3 inch diameter porous lead disk anode support placed in 
30 a Buchner funnel. An electrical lead is extended from the lead disk to an external power 



- 10- 




source. A 3 inch diameter sheet of Teflon® polymer fabric is placed top of the graphite 
flake. On top of the fabric sheet, a porous graphite cathode disk is inserted and connected to 
the external power source. An aqueous intercalant solution comprising 25% by weight 
sulfuric acid and 3.5% oxalic acid is dripped through the contents of the Buchner funnel. A 
5 current is applied between the cathode and the graphite flake as the anode for 120 minutes. 
The current is 2 amperes (0.04 amp per square centimeter, anode current density) and the 
voltage is 5 volts. Following electrolytic treatment, the resulting intercalated flake is washed 
with water and dried. 



10 Example 2 

The procedure of Example 1 is repeated, but this time 0.25 grams of butyl stearate is 
p added to 25 grams of the intercalated flakes following the final washing. 



q 

4~ 15 Example 3 

01 The procedure of Example 1 is repeated, but this time 2 grams of formic acid is 

!j\ added to the graphite flakes prior to placing them in the cell and the oxalic acid is omitted 

^ from the intercalant solution. 

0 

£ 20 

C3 

^ The above description is intended to enable the person skilled in the art to practice 

the invention. It is not intended to detail all of the possible modifications and variations 
which will become apparent to the skilled worker upon reading the description. It is in- 
tended, however, that all such modifications and variations be included within the scope of 
25 the invention which is seen in the above description and otherwise defined by the following 
claims. The claims are meant to cover the indicated elements and steps in any arrangement 
or sequence which is effective to meet the objectives intended for the invention, unless the 
context specifically indicates the contrary. 
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